Roads in sloping fens constitute a hydraulic barrier for surface and subsurface flow. This can lead to a 9 drying out of downslope areas of the sloping fen as well as gully erosion. Different types of road construction have 10 been proposed to limit the negative implications of the roads on flow dynamics. However, so far no systematic 11 analysis of their effectiveness has been carried out. This study presents an assessment of the hydrogeological 12 impact of three types of road structures in semi-alpine, sloping fens in Switzerland. Our analysis is based on a 13 combination of field measurements and fully integrated, physically based modelling. In the field approach, the 14 influence of the road was examined through tracer tests where the upslope of the road was sprinkled with a saline 15 solution. The spatial distribution of electrical conductivity downslope provided a qualitative assessment of the 16 flow paths and thus the implications of the road structures on subsurface flow. A quantitative albeit not site-specific 17 assessment was carried out using numerical models simulating surface and subsurface flow in a fully coupled way. Hydrol. Earth Syst. Sci. Discuss., https://doi
times more sediment that an abandoned road. Wemple and Jones (2003) also developed an empirical model for 48 estimating runoff production of a forest road at a catchment scale. They demonstrated that during large storm 49 events, subsurface flow can be intercepted by the road. The intercepted water, if directly routed to ditches, increases 50 the rising limb of the catchment hydrograph. At a smaller spatial scale (0.1 km 2 ) Loague and VanderKwaak (2002) 51 assessed the impact of a road on the surface and subsurface flow using an integrated surface-subsurface flow model 52
InHM (Integrated Hydrology Model) (VanderKwaak, 1999) in a rural catchment. The results showed that the road 53
Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-476 Manuscript under review for journal Hydrol. Earth Syst. Sci. Discussion started: 27 September 2018 c Author(s) 2018. CC BY 4.0 License. To fulfil the first criteria, soil profiles were analysed to ensure that each area with different road types had the 125 same soil stratigraphy: It had to be composed of organic soil on top of a layer of impermeable clay and similar 126 hydraulic regimes (e.g., runoff and subsurface flow occurring only in the topsoil layer). In addition, to ensure that 127 subsurface water is forced to cross the road instead of flowing in parallel of the road (and thus not being affected 128 directly by the road), another important criterion for the selection of the study areas was that subsurface flows 129 perpendicular to the road. 130
To evaluate the hydraulic connection provided by the road structures, tracer tests were carried out. As 131 illustrated schematically in Figure 3 , a saline solution was spread on the upslope area and the occurrence of the 132 
137
Each area corresponds to an 8 x 20 m rectangle that includes a 2.5 to 3.5 m wide road segment. A network 138 of approximately 30 mini-piezometers on both sides of the road (Figure 3 ) was installed to monitor the hydraulic 139 heads and was used to obtain samples for the tracer test. 140
The mini-piezometers are high-density polyethene (HDPE) tubes no longer than 1.5 m (ID: 24 mm). Each 141 tube was screened with 0.4 mm slots from the bottom end to 5 cm below ground level. It was inserted into the soil 142 after extracting a core with a manual auger (diameter: 4-6 cm). The gap between the tube and the soil was filled 143 with fine gravel and sealed on the top with a 4 cm thick layer of bentonite or local clay. Hydraulic heads were 144 measured using a manual water-level meter (± 0.3 cm). At each point, the terrain and the top of the piezometer 145 were levelled using a level (± 0.3 cm), whereas the horizontal position was measured with a tape measure (± 5 146 cm). 147
The tracer tests were conducted using two oscillating sprinklers designed to reproduce a 30 mm rain event 148 during 2-3 hours. This is equivalent to an intense rain event. Prior to the experiment, the sprinklers were activated 149 for 15-60 minutes to wet the soil surface. Sodium chloride was added to the irrigated solution to obtain an electrical 150 conductivity of 5-10 mS/cm which is approximately ten times higher than the natural electrical conductivity of the 151 groundwater. Then, the area (60 m 2 ) upslope of the road (upslope injection area of Figure 3 ) was irrigated with the 152 salt solution using the two sprinklers. The electrical conductivity (EC) of soil water was manually measured using 153 a conductimeter in all mini-piezometers prior to the experiment, immediately after, and 24h later. An increase in 154 EC in piezometers located in the downslope area indicates that the injected salt water flowed from the upslope 155 area to the downslope area below the road and indirectly indicates a hydraulic connection. 
Numerical modelling 161
To simulate and quantify the impact of the roads on the flow dynamics in sloping fens, the modelling 162 approach was structured in three steps. First, a 3D base case model representing surface and variably saturated 163 subsurface water flow in a sloping fen was elaborated. Then, the base case model was modified to represent the 164 three different types of investigated road structures. For each model, various slopes, organic soil and road drain 165 hydraulic conductivities were implemented to produce a sensitivity analysis and explore their sensitivities in the 166 sloping fen flow dynamics (see section 2.2.3 for details). Finally, a comparison of all model results was made in 167 order to assess the impact of road structures and quantify the dynamics and the physical controls of subsurface 168 flow in these environments. 169
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Where K is the hydraulic conductivity of the subsurface is the pressure head of water, z is the elevation and 180 is the relative hydraulic conductivity.
varies between 1 when the domain is fully saturated and near zero when 181 the domain is fully unsaturated. The Van Genuchten (1980) functions which relate pressure head to saturation and 182 relative hydraulic conductivity is employed. For surface flow, the diffusion-wave approximation of the Saint 183
Venant equation (Eq. 3) is given as: 184
where is the surface porosity varying between zero at the ground surface and unity at the top of a rill or 185 obstruction, ℎ is the surface water elevation, surface water depth (ℎ = + ), is a volumetric flow rates 186 representing external source and sinks, and are surface conductance (Eq. 4) given as: 187
Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-476 Manuscript under review for journal Hydrol. Earth Syst. Sci. Hydrol The base case model and the three other models representing different road types have the same boundary 219 conditions and finite element meshes, however, modifications were made between coordinates 61<x<66 to 220 implement the different road types. Figure 5 depicts the differences between the base case model (Figure 5a and 221 b) and models with roads ( Figure 5c , d, e and f). In the case of models with a road, the mesh was deformed and 222
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Sensitivity analysis 230
The sensitivity analysis consists of the variation of model properties and parameters in order to understand 231 how they control the sloping fen dynamics. The sensitivities of the following parameters were analyzed: fen slope, 232 soil hydraulic conductivities and road drain hydraulic conductivities. For each property, three different values were 233 selected and are summarized in Table 2 the slopes were fixed at 10%, 20% and 30% as observed during the fieldwork. Note that the drain hydraulic 237 conductivities of the wood-log (W-L) were assumed ten times more conductive and more porous than gravel drain 238 because of its particular structure (wood logs). In order to simulate each parameter combination, a total of 90 239 models were developed (27 models for each road structures and 9 models for natural conditions). 240
Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-476 Manuscript under review for journal Hydrol. Earth Syst. Sci. 
251

3
Results and Discussion 252
Fieldwork 253
Based on the observations, all sites show a continuous saturated zone before the experiment, both upstream and 254 downstream of the road, the hydraulic gradients being mostly similar to the terrain slope (Figure 7, 1st column) . 255
In contrast, the EC maps established prior to the tracer test show spatial variability at a length scale of one to 256 several meters (Figure 7, 2nd column. ). Within each plot, EC varies from 482 to 629uS/am. At the SCH site, the 257 highest values are located downstream of the L-drain outlet which could indicate that the EC increases as water is 258 flowing through the drain (e.g. through the dissolution of the construction material). Given that this initial 259 distribution of EC is not uniform, the comparison of EC after the sprinkling experiment has to be made in a relative 260 manner ( Figure 7, 3rd column) . 261
The heterogeneity of the hydraulic conductivity of the soil is apparent from the tracer test results (Figure 7 , 262 3rd column: EC 24 hours after injection). At all four sites, the front of the saline solution is not uniform but follows 263 the heterogeneity of the soil hydraulic conductivity. Nevertheless, road structures may play the role of a 264 preferential flow path that is particularly obvious at the SCH site where the front follows two preferential flow 265 paths. One related to the L-drain (right path) and the other on the left, unrelated to the L-drain, suggesting that the 266 latter drains only a part of the water and the other part follows a natural preferential flow path. At the HMD site, 267 the saline solution is far more concentrated on the left side of the plot, yet apparently not as a result of the road's 268 structure. Rather, the soil appears more permeable on the left side of the plot, both upslope and downslope of the 269 road. Finally, the decrease in EC observed 24 hours after injection at some locations might result from the 270
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In each case, the irrigation experiments demonstrate the continuity of subsurface flow under the road for 274 all structures. For the no-excavation and wood-log type, the perturbation of the flow field seems controlled by the 275 natural heterogeneity of the soil and flow paths, and not by the road itself. Conversely, the field data strongly 276 suggest that the L-drain constitutes an important preferential pathway and consequently subsurface flow is 277 increasingly concentrated. In terms of wetland conservation, this flow convergence is a serious threat (gully 278 erosion, local drying up of the soil). Despite these strong indications, it is clear that with the field data alone no 279 conclusive analysis can be made as no data before the construction of the road are available. Fieldwork allows for 280 site-specific conclusions, but more general conclusions which are not specific to a site are impossible. Therefore, 281 numerical modelling was used to fill this gap. 282
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Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-476 Manuscript under review for journal Hydrol. Earth Syst. Sci. Discussion started: 27 September 2018 c Author(s) 2018. CC BY 4.0 License. groundwater flow. Two of these road structures were specifically developed to reduce the negative impacts of the 364 road. The study is based on two complementary approaches; a tracer test in the field and numerical models 365 simulating groundwater flow for the different road structures. 366
The tracer tests showed that both sides of all investigated road structures were hydraulically connected. 367
Groundwater flow was heterogeneous suggesting the occurrence of preferential flow paths in the soil. The presence 368 of a transversal drain (L-drain) beneath the road constitutes a preferential flow path, however, which is of much 369
Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-476 Manuscript under review for journal Hydrol. Earth Syst. Sci. Discussion started: 27 September 2018 c Author(s) 2018. CC BY 4.0 License.
